Background: Temozolomide (TMZ) is active against newly diagnosed glioblastoma (GBM), and O 6 -methylguanine-DNA methyltransferase (MGMT) is implicated in resistance to TMZ and nitrosoureas. We evaluated the efficacy and safety of the standard 5-day TMZ regimen in patients with recurrent GBM after initial therapy including nitrosourea-based chemotherapy, in conjunction with an analysis of the prognostic value of MGMT protein expression regarding response to TMZ and survival. 2 /day of TMZ for five consecutive days every 28 days. Tumor tissue from 19 patients was analysed for MGMT protein expression using western blotting, and 17 of them were assessable for a response. Results: The overall response rate was 23.5% (one complete response and three partial responses). Six patients had stable disease (35.3%). Median progression-free survival (PFS) time was 2.2 months, and median overall survival (OS) time was 9.9 months from the initiation of TMZ therapy. Patients with low MGMT protein expression had a significantly improved PFS (P ¼ 0.016) and OS (P ¼ 0.019) compared to those with high expression. Both low MGMT expression (P ¼ 0.040) and re-resection at relapse (P ¼ 0.014) persisted as significant independent favorable prognostic factors for OS. The most common grade 3 and 4 hematological toxicity was lymphopenia (22.2%). Conclusions: The standard 5-day TMZ regimen resulted in moderate antitumor activity with an acceptable safety profile in patients with nitrosourea-pretreated recurrent GBM, and protein expression of MGMT is an important prognostic factor for patients treated with TMZ even after recurrence.
INTRODUCTION
Patients with malignant gliomas, the most common primary neoplasms arising in the central nervous system, have yet a poor prognosis, despite multimodal intensive treatments including maximum surgical resection, irradiation and chemotherapy. The median survival time (MST) of patients with glioblastoma multiforme (GBM), the most malignant form of glioma, remains 12 -15 months from initial diagnosis (1) . This disappointing outcome results, at least in part, from low responsiveness to chemotherapy. The therapeutic benefit of chemotherapy using nitrosoureas, alkylating agents such as carmustine, lomustine and nimustine, has been controversial, even in combination with procarbazine, lomustine and vincristine (PCV), until the Medical Research Council reported a large-scale meta-analysis of 12 selected randomized clinical trials demonstrating a significant improvement in risk of progression and survival (2) . However, the survival benefit remained unsatisfactory, with only a 15% reduction in the hazard ratio.
Temozolomide (TMZ) is an alkylating agent that is rapidly absorbed after oral administration, and penetrates well into the cerebrospinal fluid at a concentration up to 40% of that measured in plasma (3 -6) . TMZ has been shown to have clinical antitumor activity against malignant gliomas and a relatively good safety profile (7, 8) . A recent phase III clinical trial conducted by the European Organisation for Research and Treatment of Cancer (EORTC) and the National Cancer Institute of Canada (NCIC) demonstrated that concomitant radiotherapy (RT) plus TMZ followed by six cycles of TMZ significantly prolonged survival at the hazard ratio of 65% compared with RT alone in patients with newly diagnosed GBM (9) . The RT plus concomitant and adjuvant TMZ regimen has thus been considered as the new standard care for this group of patients. However, no standard of care exists for recurrent GBM yet.
The mechanism of action by TMZ is thought to be methylation at the O 6 position of guanine in DNA, with additional methylation at the N 7 position (10, 11) . These alkylating lesions are effectively repaired by a DNA repair enzyme O 6 -methylguanine-DNA methyltransferase (MGMT). MGMT catalyzes the stoichiometric, covalent transfer of the alkyl group to an internal cysteine residue, and is finally inactivated (12) . A direct relationship between MGMT activity or expression and resistance to alkylating nitrosoureas, which also exert their antitumor effects by alkylating the O 6 position of guanine, has been well documented in cell lines and xenografts derived from a variety of human tumors, including gliomas (13, 14) . Likewise, a significant correlation was recently found between methylation status of the MGMT gene promoter determined by the methylation-specific polymerase-chain reaction (PCR) (MSP) assay and survival of patients with newly diagnosed GBM treated with RT plus concomitant and adjuvant TMZ (15) . The methylation of the promoter region of MGMT gene has been shown to be a major mechanism to turn off gene transcription, thus is speculated to reduce the intracellular level of MGMT expression (16) . MGMT protein expression determined by immunohistochemistry (IHC) was also found to correlate with survival or response to TMZ treatment in newly diagnosed GBM patients (17, 18) . However, other clinical studies failed to show any relationship between MGMT promoter methylation status and survival or response to TMZ, even for dose-intensified regimens, in patients with recurrent GBM (19, 20) . These contradictory results could be due to the timing of TMZ administration, i.e. at initial diagnosis versus at recurrence, or might be dependent on assay methods for detection of MGMT status (21, 22) .
Herein, we report the efficacy and safety of the standard 5-day on/28-day cycle regimen of TMZ in patients with recurrent GBM after failure of multimodal intensive initial therapy including nitrosourea-based chemotherapy. In addition, MGMT protein expression determined by western blotting was analysed for a correlation with response to TMZ and survival.
MATERIALS AND METHODS

PATIENT ELIGIBILITY
Patients were eligible for this study if they had been diagnosed with recurrent GBM. All patients were!3 years of age with a Karnofsky performance status (KPS)!60. They had to show objective evidence of tumor recurrence or progression and to have adequate hematologic, renal and hepatic function as follows: absolute neutrophil count!1500/ml, platelet count!100 000/ml, hemoglobin!8 g/dl, serum creatinine and bilirubin levels less than 1.5 times the upper limit of laboratory normal and AST or ALT 3 times the upper limit of laboratory normal. Patients were required to have a life expectancy greater than 3 months, to have prior chemotherapy or radiation 4 weeks or more before, and to have provided written informed consent. The treatment protocol was approved by the Institutional Ethics Committees.
TREATMENT
TMZ was provided by Schering-Plough Corp. It was administered for a maximum of 30 cycles or until unacceptable toxicity or tumor progression occurred. Patients received TMZ (150 mg/m 2 /day) for 5 days every 4 weeks in the first cycle (750 mg/m 2 /cycle). In the absence of grade 3 or 4 hematologic toxicity, dosing for the following cycle could be increased to 200 mg/m 2 /day for 5 days (1000 mg/m 2 /cycle). Repeat cycles were administered on schedule only if, before the first day of the next cycle, grade 2 or greater neutropenia or thrombocytopenia was absent. In the case of grade 3 or greater hematologic toxicity or reversible grade 3 nonhematologic toxicity (except for nausea/vomiting), the dose of TMZ was reduced by 25%, with the lowest dose being 100 mg/m 2 /day. In cases of non-hematologic grade 4 toxicity, chemotherapy was interrupted. Prophylactic anti-emetics were given routinely. Neurologic stability was provided with the lowest corticosteroid dose when required.
PATIENT EVALUATION
Gadolinium-enhanced magnetic resonance imaging (MRI) or contrast-enhanced computed tomography was performed at either Kyorin University Hospital or the original investigator's institution. Response evaluation conformed to the RECIST system (23) for tumor size, and also to Macdonald's criteria (24 
WESTERN BLOT ANALYSIS
Whole lysates from tumor specimens were prepared in RIPA buffer [50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1Â complete protease inhibitor (Roche), 5 mg/ml pepstatin, 2 mM sodium orthovanadate, 0.5 M sodium fluoride and 0.2 M sodium pyrophosphate] and subjected to western blot analyses as previously described (25) . Proteins on PVDF membranes were probed with a monoclonal antibody against MGMT (MT3.1, NeoMarker), and b-actin (monoclonal, Sigma), and were detected by chemiluminescence and quantified (LAS 1000, Fuji). The loading of lysates on membranes was evaluated by b-actin blotting.
ASSESSMENT OF MGMT PROTEIN EXPRESSION LEVEL (MGMT SCORE)
MGMT protein expression was detected and quantified by western blotting as described earlier. MGMT expression was normalized relative to the b-actin level of the tumor. Tumor 'MGMT score (%)' was calculated by standardizing the MGMT level of each tumor relative to that of the T98G glioma cell line, which expresses a high level of MGMT protein and is resistant to TMZ and nitrosourea (26) .
STATISTICAL ANALYSIS
PFS was evaluated from the first day of treatment to relapse, progression or death, or to the last date of follow-up, and overall survival (OS) was calculated as MST from the first day of treatment of the recurrent tumor to death for any reason or to the last date of follow-up. PFS and OS were calculated according to the Kaplan -Meier method, and differences in progression and survival according to prognostic factors were evaluated with the log-rank test. Parameters possibly correlated with disease progression and survival were age, gender, KPS at relapse, frontal lobe localization, presence or absence of re-resection at relapse, prior use of nitrosourea, response to treatment and expression of MGMT protein.
A multivariate analysis with the Cox model, used to assess truly independent prognostic factors, was performed only for variables for which P , 0.1 was obtained in the univariate analysis. For continuous variables, the cut-off level chosen for KPS and MGMT score was the median value, and that for age was the mean value. All the probability values were twosided, and all statistical analyses were done at a significance level of P ¼ 0.05, using the statistical package SPSS 15.0J (SPSS, Inc., Chicago, IL, USA). The correlation of tumor MGMT protein expression with clinical variables was evaluated by the chi-square test and the Fisher's exact test. The length of follow-up was described as the median and range.
RESULTS
PATIENTS' CHARACTERISTICS
From September 2003 to January 2007, a total of 30 patients with recurrent GBM were treated with TMZ. Among them, 19 patients (11 male and 8 female, a mean age of 48.2 years) were analysed for tumor MGMT status and were included in this study; their characteristics are outlined in Table 1 . One patient was lost to follow-up after initiation of treatment cycle 2 and was not assessable for response, survival and safety. Another patient was not assessable for response because of no residual tumor on MRI after re-resection. All patients had undergone surgical resection as well as RT at the time of initial diagnosis. Seventeen patients (89.5%) had received nitrosourea-based chemotherapy prior to initiation of TMZ therapy. Re-resection was performed in 10 patients (52.6%) when the tumor relapsed.
MGMT PROTEIN EXPRESSION ANALYSIS
The MGMT status of the tumors was analysed in 19 patients (63.3%) whose frozen tumor tissues were available using western blotting. The MGMT protein level was determined by comparing it with that of the T98G human glioma cell line having high MGMT expression and nitrosourea resistance, and was calculated as the 'MGMT score' as described in 'Materials and Methods'. The level of MGMT protein in the GBMs varied substantially (Fig. 1) , ranging from almost undetectable (MGMT score 3.4) to very high (104), with a median value of 12.8 (Table 1) . MGMT protein expression was not related to any clinical variables (Fisher's exact test) ( Table 2) . Their characteristics were similar to those of the entire patient population.
Among the 19 patients in this study, there were six patients whose primary and recurrent tumor specimens were available for MGMT protein analysis. In four cases (67%), MGMT expression was at a similar level in samples obtained from primary and recurrent tumors of the same patients. In two cases (33%), however, it increased from a low to a high level, suggesting that recurrent tumor might have resulted from selection of tumor cells expressing high levels of MGMT in a minority of cases.
RESPONSE
Of 19 patients whose tumor MGMT expression was determined, 17 patients were assessable for response. One had a complete response (CR) (5.9%), three had a partial response (PR) (17.6%; overall response: 23.5%), six had stable disease (SD) (35.3%) and seven had progressive disease (PD) (35.3%). TMZ treatment resulted in an overall disease control rate (CR þ PR þ SD) of 58.8%. All responses were confirmed mostly after a 1-month interval or at least 2 months apart. The response rates of this subpopulation were almost identical to those of the overall patient population. In the univariate analysis, none of the categoric variables was found to be significantly correlated with response (CR þ PR) or overall disease control (CR þ PR þ SD). MGMT score tended to be lower in the responders (patients with CR/PR) than non-responders (those with SD/PD), but the difference was not significant (Mann -Whitney U-test) (Fig. 2) , perhaps due to an insufficient number of patients.
PROGRESSION-FREE SURVIVAL
After a median follow-up of 7.1 months (range: 2.4 -16.7), one patient (5.6%) remained free of progression. PFS from the initiation of TMZ therapy for the 18 assessable patients in the MGMT analysis was 2.2 months (95% CI: 0.0-5.6 months). In the univariate analysis (Table 3) , only low MGMT expression was found to be significantly correlated with PFS (P ¼ 0.016) (Fig. 3A) . Unlike age, KPS, frontal localization and re-resection at relapse, response to treatment (CR þ PR) (P ¼ 0.070) was nearly significant. In the multivariate analysis (Table 4) , low MGMT expression remained as the only independent prognostic factor close to the significant level (P ¼ 0.060).
OVERALL SURVIVAL
Four of the 19 patients (21.1%) remained alive at the end of follow-up. MST from the initiation of TMZ therapy for the patients in the MGMT analysis was 9.9 months (95% CI: 5.5-14.3 months).
In the univariate analysis (Table 3) , re-resection at relapse (P ¼ 0.002) and low MGMT expression (P ¼ 0.019) were found to be significantly correlated with OS (Fig. 3B) . KPS (!80 versus ,80) was near to the level of significance (P ¼ 0.09), unlike age, gender, frontal localization and response to treatment. Both re-resection at relapse and KPS also remained as significant factors when analysed in the entire patient population. In the multivariate analysis (Table 4) , only re-resection at relapse (P ¼ 0.014) and low MGMT expression (P ¼ 0.040) persisted as significant independent prognostic factors. These factors were not associated with each other (chi-square: P ¼ 0.463). Because most patients had received prior nitrosourea-based chemotherapy, there was no correlation between survival and history of nitrosourea use.
There were 10 patients whose recurrent tumors were available for MGMT protein analysis. The median value for the MGMT score of these tumors was 10.2, which was slightly lower than that of all 19 tumors analysed (12.8) . Using this median value, patients with low MGMT protein expression still had nearly significantly improved OS than those with high expression (log-rank, P ¼ 0.050), despite a small number of patients analysed.
TOXICITY
A total of 107 treatment cycles of TMZ were administered (median: six cycles per patient; range: 1 -13). Treatment was generally well tolerated (Table 5 ). Among 18 patients who received more than one treatment cycle, the dose was escalated to 200 mg/m 2 /day in all patients. Two patients received a reduction in dose to 150 mg/m 2 /day and one patient, to 100 mg/m 2 /day, due to nausea or infection. Regarding hematologic toxicity, grade 4 neutropenia or thrombocytopenia did not occur. Grade 4 lymphopenia was found in only one patient (5.6%). A total of five incidents of grade 3 hematologic toxicity were found in four patients (neutropenia: n ¼ 1; thrombocytopenia: n ¼ 1; lymphopenia: n ¼ 3). No patients received a blood transfusion. The most common, probably treatment-related, hematologic toxicity was lymphopenia (grade 1 -4, 77.8%). The incidence of nonhematologic grade 3 or 4 toxicity was low, including elevated transamidases levels (22.2%), nausea/vomiting (11.1%) and fatigue (5.6%). Two patients (11.1%) discontinued treatment because of adverse events, which consisted of grade 3 liver dysfunction (n ¼ 1) and grade 2 pneumonia (n ¼ 1). This pulmonary event resolved without sequelae with standard treatment. Pneumocystis carinii pneumonia was not confirmed in any patient despite that the prophylactic trimethoprim was not administered. There was no significant correlation between tumor MGMT protein expression and toxicity, except for grade 3 and 4 lymphopenia that occurred only in patients whose GBM expressed little MGMT protein.
DISCUSSION
Despite recent progress in the medical management of many malignant tumors, high-grade glioma, especially its most malignant form GBM, remains incurable and patients with GBM usually do not survive more than 1 year, necessitating the development of new active agents. TMZ, an orally administrable alkylating agent, has become the first significantly active therapeutic drug against newly diagnosed GBM, extending survival time by a median value of 2.7 months when concomitantly combined with conventional fractionated RT of 60 Gy, compared with RT alone (9) . The survival benefits derived from the concomitant TMZ therapy were shown to correlate with methylation status of the gene of the DNA repair enzyme MGMT (15) , which appeared reasonable because MGMT can sequester TMZ-induced genotoxic methyl adducts from guanines in DNA (27) . These results prompted us to analyse whether TMZ could also have a similar effect on recurrent GBM, in conjunction with an analysis of the influence of tumor MGMT expression, in patients who had previously received multimodal treatment regimens including ACNU whose antitumor activity is also known to be hampered by MGMT (14, 28) .
In the present study, we demonstrated that the standard 5-day on/28-day cycle TMZ regimen was safe and feasible even in patients with chemotherapy-pretreated recurrent GBM. Most patients received more than two cycles of TMZ, and the major reason for the discontinuation of treatment was tumor progression, not toxicity. The TMZ therapy resulted in a MST from the initiation of therapy of 9.9 months, an OS rate at 6 months of 78.0%, a PFS rate at 6 months of 22.2%, an overall response rate of 23.5% and a disease control rate of 58.8%. These results are slightly better than those reported in patients with GBM at either first or second relapse in several phase II clinical trials, where OS at 6 months ranged from 46% to 60%, MST was 5.4-6.5 months, PFS at 6 months was 18 -24%, the response rate was 8 -19% and the disease control rate was 40 -51% (29 -32) . These studies contained more patients who were chemonaïve at the initiation of TMZ therapy, suggesting that activity with the standard TMZ regimen might not be substantially affected by preceding chemotherapy with nitrosoureas.
Although molecular determinants of the sensitivity of glioma cells to TMZ may include the mismatch repair function and protein expression (18) , and G2/M checkpoint proteins (33 -35) , MGMT has been indicated as the major factor conferring resistance to TMZ because of its direct repair of methylated guanine residues (27) . As expected, patients with recurrent GBM, which expressed a low level of MGMT protein, had a significantly better OS and PFS after undergoing TMZ therapy than those with a high level of tumor MGMT expression in the univariate analyses, even though the number of patients analysed was small (Fig. 3) . The low MGMT protein expression was further identified as an independent favorable prognostic factor in terms of OS, and also a nearly significant factor for PFS (P ¼ 0.069) by multivariate analyses (Tables 3 and 4) . These results were consistent with the findings in the large phase III EORTC/NCIC trial conducted for patients with newly diagnosed GBM (15) , and further extend the notion that MGMT plays a key role in determining the efficacy of TMZ against GBM not only in chemonaïve but also in nitrosourea-pretreated patients. Indeed, among patients whose recurrent tumors were analysed for MGMT expression, those with low MGMT expression still had improved OS than those with high expression. However, a recent phase II study by Brandes et al. (20) showed no correlation between MGMT promoter methylation status and response rate, PFS or OS in patients treated with the intensified 3-week on/1-week off TMZ regimen for recurrent GBM after the first line chemotherapy with TMZ. In addition to differences in the preceding alkylating agent, i.e. TMZ or nitrosourea, TMZ dose settings and time since the last cycle of the previous chemotherapy, this finding raises the question of whether methods to be used for detection of MGMT status influence these correlation analyses, and might suggest a potential pitfall to the use of the MSP assay for analysing MGMT status. Several methods have been used to determine MGMT status in glioma tissues; a MSP assay for methylation status of the MGMT gene promoter region (15, 16) , reversetranscription (RT) -PCR for MGMT mRNA expression (36) , IHC (37), DNA repair enzymatic activity assays for MGMT (37, 38) and a quantitative protein expression assay using western blotting as shown herein. These assays, however, have not been standardized or validated for clinical use, because contradicting results have been reported regarding the correlation between MGMT promoter methylation and MGMT protein expression (21, 39, 40) . The MSP assay requires small quantities of DNA, and the presence of a methylated MGMT allele can be attributed solely to the neoplastic cells, thus contamination of non-neoplastic tissue would have little influence (22) . However, the MSP assay has potential technical difficulties, since its success rate with biopsied material was low in the study by Hegi et al. (15) . Furthermore, promoter methylation status does not always reflect protein expression, thus limiting its application to use as an epigenetic marker, rather than as a substitute for MGMT enzymatic activity. Indeed, a recent study by Maxwell et al. (37) showed not only no correlation between MSP results and MGMT enzymatic activity, but also a substantial disagreement between the grouping of patients by IHC and MSP based on the assigned prognostic criteria. IHC is a feasible method to detect MGMT protein even in archived paraffin-embedded samples. Although it has the advantage of allowing tumor cells to be identified from nonneoplastic brain components, its major disadvantages include low sensitivity leading to an underestimation of MGMT positivity (41), and wide variation in the positive rate and threshold level among studies (37) rendering meaningful comparison difficult. While requiring a large amount of starting material, the MGMT enzymatic activity assay would be the best in terms of a theoretical connection with the resistance mechanism. A good correlation was reported between MGMT activity and MGMT protein expression quantified by both IHC (37) and western blotting (42) . Considering the laborious nature of the activity assay, these findings suggest that the quantification of MGMT protein expression by western blotting may well substitute for the MGMT activity assay for predictions of the response to TMZ treatment. A western blot analysis can be performed with a relatively small amount of starting material ($20 mg tumor lysate), and the expression level is easily standardized using the lysate of a glioma cell line with known MGMT expression and sensitivity to nitrosoureas and TMZ such as T98G (26) . The observation that the MGMT status of gliomas determined by either the MGMT activity assay or IHC showed a good correlation indicates that potential contamination by a small amount of normal cells in tumor tissues may not significantly affect the result of the assays (37) . Accordingly, we show a correlation, for the first time, between the tumor MGMT protein expression level and the OS or PFS of patients with recurrent GBM after TMZ treatment, whereas MSP was not associated with survival or response to TMZ (20) . Further investigation of the relationship among MGMT assays in our cohort of patients is ongoing.
Since gliomas with a high MGMT expression level may respond to TMZ poorly, attempts to increase the antitumor activity of TMZ have been encouraged. One such approach is to administer TMZ via dose-dense regimens, which have been shown to effectively deplete cellular MGMT activity (43) . The 7-day on/7-day off schedule at 150 mg/m 2 /day or the 21-day on/7-day off schedule at 75 mg/m 2 /day provides theoretically a 2.1-or 1.5-fold greater dose of TMZ, respectively, than the cumulative dose obtained with the standard 5-day regimen (20, 44) . These treatments achieved a 30-48% PFS rate at 6 months with acceptable safety profiles in patients with recurrent GBM (20, 44) , which were higher than the values obtained in our series. However, patients with low MGMT expression had a significantly higher response rate to the 7-day on/7-day off TMZ regimen, than those with high MGMT expression (17) , suggesting that the depletion of MGMT may be still insufficient. Another approach is the use of MGMT-depleting agents other than TMZ itself. One of the most potent agents, O 6 -benzylguanine, has been investigated in combination with TMZ in a couple of phase I studies with evidence of activity against refractory malignant gliomas (45, 46) . Similarly, clinical trials to evaluate the activity of procarbazine or cisplatin combined with TMZ have been conducted in patients with recurrent GBM (47, 48) . Whether these approaches can overcome resistance to TMZ through downregulation of MGMT activity needs to be verified in comparison with the standard TMZ regimen in patients with GBM having high MGMT expression.
Another factor found to be significantly favorable for survival in the multivariate analysis was re-resection at relapse of the tumor. Although a recent study has demonstrated that the extent of resection at initial surgery correlates with OS in patients with newly diagnosed GBM (49) , this finding might have resulted from potential selection bias, because re-resection is usually considered only when the recurrent tumor bulk is located outside of the eloquent areas, not infiltrating into deep brain structures and contralateral parenchyma, reflecting a better prognosis from the beginning.
In conclusion, the standard 5-day TMZ regimen resulted in moderate antitumor activity with an acceptable safety profile in patients with recurrent GBM even after pretreatment with nitrosourea. This study also provides additional evidence that MGMT protein expression is an important prognostic factor for patients treated with TMZ even after recurrence. Further prospective studies are needed to determine subgroups of patients for whom the standard 5-day TMZ regimen may be beneficial, or those who require more intensive TMZ regimens to overcome TMZ resistance.
